Nonlinear wave loads can lead to resonant responses of offshore structures in sum or difference frequencies. In this study, the roll motion of an FPSO with a low natural frequency is simulated in the time domain. To generate the time signals of wave loads, the quadratic transfer functions of the second-order excitations are calculated in the frequency domain. The equations of motions based on the time memory functions are used to evaluate the roll responses in irregular waves. The roll damping in empirical form is accounted for in the simulation.
Introduction
Motion performance in waves has an effect on the work and survival performances of floating structures, and therefore, its analysis is essential for design. Nonlinear excitation is one of the external loads generated by waves. It is relatively insignificant in motion performance analysis as it is small in comparison to linear excitation. However, it can have a crucial effect on the motion performance of a floating structure in the special case of mooring performance analysis, or in a case where the natural frequency of the floating structure is small and matches that of the slowly varying second-order excitation, resulting in resonance. In this study, the motion response, linear excitation, and slowly varying nonlinear excitation at beam sea were calculated using the Higher-Order Boundary Element Method (HOBEM) in the frequency domain of an Floating Production Storage and Offloading (FPSO) structure with small natural frequency of roll motion. These results in the frequency domain were used to study the rolling motion in irregular waves through the time-domain equation of motion, which uses a time memory function (Cummins, 1962) .
Analysis Method

Numerical Analysis
The added mass, wave damping, linear excitation, and the quadratic transfer functions of nonlinear excitation were calculated using the computer code which is based on HOBEM (Choi and Hong, 2002) .
The equation of motion was organized using a time memory function for time-domain analysis (Cummins, 1962) .
Here, M represents the mass matrix of the floating body, a is the added mass matrix at infinite frequency, X is the displacement vector of the floating structure, L is the time memory function matrix, C is the hydrostatic restoring coefficient matrix, and F is the excitation vector. The excitation vector is comprised of linear excitation, slowly-varying nonlinear excitation, and time-mean drift load. The solution of the equation of motion (1) was obtained using the Runge-Kutta method.
Analysis Conditions
The structure analyzed was an FPSO, of which the main details are shown in Table 1 . The wetted surface of the structure was discretized using higher-order boundary elements, as shown in Fig. 1 . Mooring was not taken into account. The number of the circular frequency was 100 at an interval of 0.02 rad/s between 0.02 and 2 rad/s, and beam waves with an incident angle of 90° was used. The JONSWAP spectrum was used as the wave spectrum for analysis in irregular waves, with a significant wave height of 8 m, peak period (Tp) of 12.28 s, and γ value of 1.85. Fig. 3 shows the quadratic transfer function of the slowly-varying nonlinear roll excitation at beam sea with the difference frequencies of 0.18, 0.20, 0.22, and 0.24 rad/s, which are close to the resonance frequency, as well as the time mean drift moment. The moment caused by the second-order potential was calculated using the approximation of Pinkster (1980) . It can be seen that the time mean drift moment acts as that overturning the structure to the lee-side for the entire frequency range concerned. 
Second-Order Slowly-Varying Excitation
Time Domain Analysis
Fig . 4 shows the rolling motion simulated up to 3,500 s through a time domain analysis. An appropriate tapering function was applied in the range of 0-500 s to solve the problem caused by the initial shock. It can be seen that motions of similar patterns are repeated as the wave spectrum is discretized into frequencies at equal intervals.
The nonlinear excitation, linear excitation, and the sum of the two are compared in Fig. 5 . It can be seen that there is no significant between the cases with and without nonlinear excitation because the magnitude of nonlinear excitation is much smaller than that of linear excitation.
In Fig. 6 , the section from 2,000 to 2,200 s is magnified to see the effects of nonlinear excitation. As confirmed in Fig. 5 , although the difference between the excitation values of the two cases is small, in some sections, the motion to which nonlinear excitation was applied is approximately 2-2.5 times greater than the motion to which no nonlinear excitation was applied. This is because the component of the nonlinear excitation with a frequency close to the resonance frequency of the floating body caused resonance.
Analysis Considering the Viscous Damping
The nonlinear viscous damping was accounted for using the result of a free decay test (Choi et al., 2005) . This was entered into the excitation vector F of Equation (1) to carry out an analysis considering the viscous damping.
The result of conducting an analysis with the slowly-varying nonlinear excitation, time mean drift moment, and linear excitation is shown in Fig. 7 , where it can be seen that the roll motion decreases.
RMS of Rolling Motion
The cases of only linear excitation, and that of linear and nonlinear excitation were considered for the cases where nonlinear viscous damping was considered and not considered. The RMS values of the analysis results of the four cases are shown in Fig. 8 .
If the nonlinear viscous damping is not considered, the case where the nonlinear excitation is also considered shows a greater response (approximately 0.5 times) than that where only the linear excitation is considered. However, if the nonlinear viscous damping is considered, the case where the nonlinear excitation is also considered shows a lesser response than that without nonlinear damping, as the effect of the resonance diminishes. In addition, if only the linear excitation is considered, there is almost no difference resulting from whether the viscous damping is considered or not. 
Conclusion
In this study, to determine the effect of slowly-varying nonlinear excitation on the motion of a floating structure, the rolling motion of an FPSO in irregular waves was analyzed in time domain.
It has been confirmed that, if linear excitation and slowly-varying nonlinear excitation are applied to an FPSO structure with a small natural frequency of roll motion, the roll motion response increases in comparison to the case where only linear excitation is applied.
It has been confirmed that, if nonlinear viscous damping is considered, it has almost no effect on the case where only the linear excitation is considered, whereas in the case where slowing-varying nonlinear excitation is also considered, the rolling motion decreases as the resonated response diminishes.
